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APPENDIX " K"

11/29/94
Emission Egimation Methodologies

The methodol ogies presented in this attachment are based on the Ided Gas Law and on
fundamenta vapor/liquid equilibrium relaionships such as Henry's and Raoult's Law,
unless otherwise specified. The equations are intended for use in estimating and
characterizing uncontrolled emission streams from batch processes. Example
caculations are presented for severa unit operations. Significant errors may result in
using the examples for stuations that do not meet the conditions and/or assumptions

that are clearly stated in the presentation of the methodologies.

a Process Vent Emissions

Process vent emissions may result from anumber of different events. Common process
ventsin batch processing result from drying, tank and reactor inert gas purging, vapor
displacement losses from materia transfer, tank and reactor hesting, gas evolution, gas
parging, batch pressure filtration, and vacuum generation. The discussion below
presents the principles and methodologies for estimating emissions during these events.

1 Drying

Two types of drying operations commonly occur in batch processng. These
are conductive drying, in which hegt is transmitted to the materid to be dried by
contact with heated surfaces, and convective drying, in which heet is transmitted
by hot gases which are in contact with the material. Conductive drying may
occur under vacuum conditions or at atmospheric pressure and in severd types
of dryers, including tray dryers, tumble (double-cone) dryers, pan dryers, and
rotary dryers. Convective drying occurs a atmospheric pressure. Convective
dryersinclude rotary dryers, fluid bed dryers, and spray dryers.

The methodology for caculaing emissons from the types of dryers described
above is essntidly the same. In generd, the rate of drying of the materid
depends on many factors associated with the specific drying Stuation (i.e.,
moisture or solvent content of materia to be dried, heat and mass transfer
parameters, drying period, etc.), but generadly decreases with time so that a
large percentage of the tota liquid will be removed during the beginning of the
drying cycle.

IMaterial in this Appendi x has been derived from gui dance in Chapter 3
and Appendi x C of EPA' s draft CTG for Batch Processes (EPA-453/R-93-017).


oserrano
Regulation No. 24 	Control of Volatile Organic Compound Emissions


Studies on the theory of solids drying usudly relate drying rate to moisture
content of the solid. Three distinct periods of drying can be observed: the
congtant-rate period when surface moisture is evaporated; the funicular Sate
when capillarity of the liquid in the pores influences the drying rate; and the
pendular state when capillary action ceases and the liquid must diffuse through
the pores of the solid. Each of these three drying periods has successvely
lower rates of drying; the find drying rate, when the moisture content is zero, is
of course aso zero.!

Dryer designers often generate drying curves expressing the rate of drying asa
function of resdencetime. Laboratory or pilot-scale experiments are often
needed to establish the correct dryer Size, operating temperature, gas flow rate,
and cycletime. Once adryer isingtdled and operating, reedily available data
include the cycle time, gas flow rates, and moisture content of the solid at the
gart and finish of the cycle. If very dry solids are produced (i.e., zero moisture
content), the drying rate a the end of the cycle will be asymptotic to zero. This
end point condition, and a knowledge of the total solvent removed, can be used
to estimate the emisson characterigtics of an exigting, ingdled dryer.

Inindudtria practice, the filter cakes and centrifuged solids to be dried often
appear dry and free-flowing and may contain up to 50 percent solvent by
weight. At the end of the drying cycle, the solvent content is reduced to aleve
required by the process. From a mass baance, the total amount of solvent
emitted can be caculated.

To properly size emission control equipment for dryers, however, one must
know the exhaust stream V OC content throughout the cycle. Although the
precise VOC content can only be determined from extensive laboratory testing,
areasonable estimate can be obtained by assuming that the rate at which the
drying rate decreasesis linear over the length of the drying cycle sarting from
theinitid, highest vaue and declining to zero a the end of the cycle. From the
materia balance on solvent removed, the average drying rate can be calculated
knowing the length of the cyde. With astraght line relationship and afind
vaue of zero, theinitid drying rate must be two timesthe average. Therefore,
the drying rate, and hence the emission rate, can be estimated for any point in
the drying cycle.

I. Vacuum Dryers. Tray dryers, double-cone dryers, pan dryers,
and rotary dryers may be operated under vacuum conditions.
Such vacuum dryerswill have an inward leekage rate of air that
will ad in transporting the VOC's and air toxics that have
evaporated from the dryer's product. Vacuumsin the range of
15to 25 inches mercury are typica. Articles have been



published which provide methods of estimating leskage rates
for vacuum systems? One such methodology is contained in
Section 8 of this Appendix. For asingle dryer, the air leskage
may range from 10 to 30 scfm depending on system design and
vacuum level desired. An example cdculation of vacuum dryer
emissonsfollows:

Example: Congder the following example of a double-cone dryer operating at
15 inches of mercury, with an air-leekage rate of 15 scfm. The temperature
ingdethe dryer is60°F. Three hundred pounds of product cake, initialy
containing 25 percent by weight acetone are dried to less than 1 wt% solvent
over the course of 8 hours. Calculate the maximum VOC emission rate.

Solution. The total amount of acetone dried from the product cakeis:

300 1b cake | 0.251bacetone | .. ;) yna¢pne (initislly)
1b cake

. 300- 75= 225 1B peoduct incake

The amount of acetone remaining a the end of the cycleis:

—x*
225 + x

= 0.01
¥ = (0.01 (225 + x)
Xx= 2.25 % 0.01x
0.99x = 2.25

X= 2.3 1b acetone (at end nt cyecle)

Therefore, the totd amount of acetone removed from the drying cycleis:

75-2.3= 72.7~73



Average emisson rate over the drying cycleis:

(73 1b/Bh) (1h/60min} = 0.15 1b/min

Theinitid drying rate is two times the average rate, assuming a sraight-line decline.
Maximum (initid drying rate)

(2)»(0.15) = 0.30 1b/nin

MW acetone = 58 Ib/Ibmol

Therefore, the molar flow of acetoneis

{0.30 1b/min} (1lbmol/58 1b) {50min/hr) = 0.31 1bmol/h

The arflow (leakage) is given as 15 scfm where 359 <cf (at 0°C and 1 atm) is 1 mole.
Therefore, the molar flow rateis:

(15 sc£/min) (lbmol/359 sct) {60min/h) = 2.51 1bmol/h

Therefore, the uncontrolled emisson stream properties at the sart of the drying cycle are
estimated to be;

Component Ibmol/h mole fraction
Acetone 0.31 0.110
Air 251 0.890
TOTAL 2.82 1.000

The 0.31 Ibmol/hr rate represents the maximum VOC emission rate during the cycle.

Atmospheric Dryers. Convective dryers, such astray and fluid
bed dryers, operate at or above atmospheric pressure. The
four types of conductive dryers discussed previoudy, tray
dryers, double-cone dryers, pan dryers and rotary dryers may




also be operated at atmospheric conditions. A stream of air or
inert gasis used to move the volatilized materia from the dryer
vess in conductive drying. The gas stream serves asthe
heating mechaniam in convective drying. In both of these
gtuations, the caculation of tota VVOC content emitted during
the drying cycleisidenticd to the vacuum drying method (i.e, a
mass balance from initid cake concentration to fina cake
concentration). The estimation of the maximum dryer emisson
rate, which is used for 9zing of equipment, is andogous to the
method presented for vacuum drying, with the flow rate of gas
through the system equdl to the dryer exhaust gasrate. An
example cdculaion of atmospheric dryer emissions follows:

Example: A tray dryer uses 6,000 acfm of heated air (65°C) over a period of 6 hoursto
remove isopropyl acohal (IPA) from abatch of solids. Each batch consists of 1,000 pounds
of materid containing 40 percent (by weight) solvent. Thefind product contains less than 0.6
percent solvent. Caculate the total uncontrolled VOC emissions per drying cycle and the
maximum VOC emissonsrae.

Solution: Mass balance over the drying cycle:

(1,000 1b cake) {0.40 1b IPA/1b cake) = 400 1b IPA initially

Quantity of bone- dry solids= 1,000~ 400= 500 1lb

Amount of IPA remaning:

X

——— = 0.006
600 + x

tx= 3.5 1b TPA

Amount of IPA removed is,

400- 3.6= 395 1b (MW= 50.09)
Average emission rate = 395 lb/6 h = 55 1b/h
Assume initial rate = 2 » average race
(2) (66) = 132 1b/h

{132 1b/h) (lbmol/60.09 lb) = 2.20 lbmol/h



Cdculate composgition of uncontrolled emission stream at sart of drying cycle:

Airflow:
(6,000 acf/min) (60 mirvh) (Ibmol/359 scf) (273/273+65)scf/acf = 810 |bmol/hr
Component Ibmol/h mole fraction
IPA 2.20 0.0027
Air 810 0.9973
TOTAL 812.2 1.0000

Knowledge of, or an estimate of (as above), the uncontrolled outlet stream composition is
necessary to salect an appropriate control technology. One should note that the mole fraction
of the VOC is consderably lower (gpproximately two orders of magnitude) in the convective
oven exhaugt than in the vacuum oven (previous example).

2. Tank and Reactor Purging

In batch processing a gas stream is frequently used to purge VOC vapors from either
an empty tank or reactor vessdl, or from the vapor space of a partialy filled tank or
reactor. Typica reasons for purging are to maintain product qudity (e.g., by usng a
dry sweep gas to minimize water vapor in asystem) or to dilute flammakle vapor
concentrations below safety limits.

I. Empty Tank Purging. Empty vessels may be purged
intermittently (e.g., a startup and shutdown, or between
batches) using a displacement purge to remove accumulated
vgpors. The estimation of VOC emissionsin this caseisfairly
graightforward. Before the purge, the initia VOC
concentration of an empty vessel's vapor space is assumed to
be equivaent to vapor in equilibrium with the removed liquid.




The fina concentration is a function of the number of purge gas
volumes used. Thisrelation can be expressed as a power law:

€ .
c_i = ¥ ( 1)
where:
n = the number of purge gas volumes used;
X = the fractiond dilution per volume change;
C = find concentration in vesd; and
C = initid concentration in vess.
The fractiond dilution per volume change assuming perfect mixing has been shown to be 37
percent. Thus, equation 1 becomes:.
“i. 0.3
5 = {0.37) (2)
This equation does not account for evaporation of any resdud liquid in the vessdl, and no free
liquid. The equation was derived viathe following steps:
dive,) .
il N (3)
where:
\ = vesH volume
Ca = concentration of VOC species
q = volumetric purge rate
t = time

if: o= 1 ft¥minand V = 1 ft3, then equation (3) reduces to:

dcl.
== - dt (4)

Iy




By integrating and setting the following boundary limits

0 C.=C,
1 C.=C,

t
t
then equation (4) reducesto

in (€,/C) = -1 (5)

Therefore, C= 0.37C,

Emissions are caculated by multiplying the vessd volume by the difference between find and
initia concentrations, (C-C,).

i Filled Vesds. Filled or partidly filled vessels are often
"blanketed" with inert gas (or even air in the case of
nonflammable solvents) using ether "baanced pressure’ or
"trickle" control schemes®. With balanced pressure blanketing,
thereis no flow of gas unless the tank liquid level changes
(during filling or emptying) or the pressure rises or fals dueto
thermd effects. The cdculaion of emissons from this type of
blanketing is andogous to "working and breathing" losses. For
trickle blanketing, a congant flow of gasis mantained through
headspace. The flow rate may be quite low for a Storage tank,
but may be much higher for areactor where remova of water
vapor or excess solvent vapor isrequired. The higher flows are
referred to as purges or sweeps.

The volatile organic content of a purge gas stream may be caculated by assuming thet the gasis
saturated with the vapors of the liquid over which it isflowing. This assumption is generdly
conservative in that the VOC content of a gas cannot possibly be greater than saturation
concentrations (as long as there are no entrained droplets). To caculate a maximum expected
uncontrolled emissions rate, this approach is acceptable. However, the actua VOC
concentration of the exiting purge gas may be substantiadly below saturation. Calculations show
that the percent saturation of an inert gas purge stream over a quiescent pool of liquid is
expected to be no more than 10 percent. The purging of equipment with aturbulent liquid
surface leads to higher saturation fractions, gpproaching 100 percent saturation at |ower
flowrates. Since most vessds are typicaly agitated, the conservative assumption of complete
VOC saturation is recommended at low to moderate purge gas flow rates. However, if the
purge flow is greater than 100 scfm, a saturation factor of 25 percent is recommended.



where

where:

Most operations are run at conditions, such as aimospheric pressure and relatively low
temperatures, which alow the gpplication of theided gaslaw. The VOC emisson rate from
purging may be estimated by first cdculating the volumetric flow rate of the gas leaving the
vessd, consgsting of noncondensibles aswell asthe volatilized VOCs. Thetotd rate of gas
exiting avessH istherefore:

2™ VI,

_T (6)
Pr-x (PX)

Vr, = rate of gas displaced from the vessd (VOC and noncondensibles),
sfm

v, = rate of purge gas (honcondensbles), scfm

Pr = vesse pressure, mmHg

Z(PX)) = the sum of the products of the vapor pressures and mole fractions for

each VOC, mmHg

The emisson rate of VOCsin this exit gasis then cadculated using the following equation:

{Y,) (V,) (Pg (MW)

.
{R) (T) "

Ex = mass emisson rate;

Y, = mole fraction in vapor phase, calculated in Equations (9) and (10) to follow.

V, = volumetric gas displacement rate (equd to the total rate of gas exiting avessd,
V)

R = ided gaslaw condant;

T = absolute temperature of the vessal vapor space, (°K or °R);

Pr = pressure of the vessel vapor space; and

MW = molecular weight of the VOC or air toxic.

3. V apor Displacement L osses-Transfer of Materid to Vessels

Emissions occur as aresult of vapor displacement in many batch operations. The
transfer of liquids from one vessd to another vessdl causes a certain volume of gasto
be displaced in the recaiving vessd. The VOC's that may be contained in this volume
adso aredigplaced. In many cases, the displaced gasis vented directly to the
amosphere. The amount of VOC's emitted during such an event is limited by the



where:

partid pressure of the components in the gas stream and the vessdl pressure. Usudly,
vesse vapor spaces arefilled with air (i.e., 21 percent oxygen, 79 percent nitrogen) or
an inert gas, such as nitrogen.

The degree of vent gas saturation with the VOCs must be assumed or known before
any caculaions are performed. When permit levels are established, a conservative
assumption istypicdly made to prevent alow estimate of emissons. In most vapor
displacement ca culations one may conservatively consider the gas being displaced to
be 100% saturated with the volatile compounds thet are entering the vessdl. The
fallowing seps are involved in ca culating emissions from vapor displacement events.

Step 1. Define the conditions of the displaced gas.

1. Temperature;
2. Pressure; and
3. Volumetric rate of displacement.

The rate of displacement of a gas from avapor space is equd to the rate of vessd filling with
liquid. Anexample of this displacement is the transfer of liquid materid from one process
vess to another, such asthe charging of areactor with materid from aweigh tank, and the
subsequent emission reactor gas that is saturated with the vaporized liquid.

Step 2. Cdculate the mole fraction of componentsin displaced gas.
The vapor pressure of the compound of interest (for one specific component, such asan air
toxic) or of the entire volatile component of the liquid (for total VOC emissions) mugt first be

determined. For one component, this can be done by consulting vapor pressure tables at the
gppropriate temperature or by usng Antoine's equation, aform of which is presented below:

1nP; = A-

B
(T+ |:>] (8

P* = vapor pressure of component i (mmHg);
AB,C = compound-specific congtants; and
T = absolute temperature of the liquid (K).

There are severd forms of vapor pressure estimation equations and the reader should be
certain that the constants correspond to the appropriate form and that the units are consistent.
Most physica property handbooks contain the Antoine equation and the appropriate constants.



where

where:

If more than one compound is present in the liquid, the vapor pressure of al compoundsin the
mixture must be determined. After the vapor pressures have been determined, the partia
pressure that the VOC vapor fraction exerts in the vessdl vapor space may be determined by
using Raoult's Law, which isa ample expression that describes equilibrium between an ided
vapor and an ided liquid. The generd equation for Raoult's Law is presented below:

v N X.P,

! P'.|.' P'.I.'

(9)

Y, = mole fraction of i in the vapor

P = partid pressure of component i;

X = mole fraction of component i in the liquid;

P, = vapor pressure of component i a temperature T; and
Pr = the total pressure in the vessdl vapor space.

Raoult's Law may be used for multicomponent systems, assuming the compounds are
completely miscible in one another. If the compounds are not miscible, or are only partidly
miscible, then they are consdered "nonideal” and Raoult's Law does not apply. At or above
the solubility limit, each compound exerts a partia pressure in the vapor space whichisequd to
the vapor pressure at that temperature. Below the solubility limit, especidly for dilute solutions
comprised of water and trace amounts of air toxics or VOC's, Henry's Law is used to describe
the relationship between the mole fraction of the compound in the liquid and the vapor phase
mole fraction. Henry's Law is presented below:

(10)

X; = mole fraction of component i intheliquid;

H; = Henry's Law congtant for i (at temperature T);
Y, = mole fraction of component i in vapor; and

Pr = the total pressure in the vessdl vapor space.

Thisrelationship is especidly important in caculaing evaporative losses from process
wasteweter.

Step 3. Cdculate the emission rate:



OnceYY;, the mole fraction of component i in the vessel vapor space, is known, the VOC or ar
toxic emission rate may be easily caculated by multiplying Y; by the vessd fill rate (which
equals the gas displacement rate) and converting this volumetric rate to a mass emisson using
equation (7).

4. VessH Hedting

When aprocess vesse partidly filled with aVOC or amateria containingaVOC is
heated, the gas and vapors in the headspace expand and are discharged from the vent.
An egtimate of the emissonsin the uncontrolled vent stream from such an event can be
caculated based on gpplication of the Idedl Gas Law and on vapor-liquid equilibrium
principles.

The basis of the calculation is that the moles of gas displaced from avessd are aresult
of the expangon of the noncondensible gas upon heating, and an increase in the VOC
vapor pressure. The assumptions made for the calculations which follow are (1)
amaospheric pressure of 760 mmHg; and, (2) the displaced gasis aways saturated with
VOC vapor in equilibrium with the liquid mixture.

Theinitid pressure of the gas (noncondensible) in the vess is given by:

Pay= 760- 5 (Py)qy (11)

where:
Pa,
(PI )T 1

initid partid pressure of gasin vessel headspace, mmHg, and
initid partid pressure of each VOC in vessdl headspace, mmHg, & the initid
temperature (T,).

The choice of formulato calculate P, depends on which vapor-liquid equilibrium assumption is
chosen (as discussed in Section 3 of this Appendix). If the VOC species behaves "idedly” in
the system under congideration, then Raoult's Law holds and

Py (Pf)pX, (12)

where:



where

where:

P*) = vapor pressure of each compound at specified temperature, T,, and
X = mole fraction of each compound in the liquid mixture.

If the VOC in question is present in very dilute concentrations in the liquid, then Henry's Law

gives areasonable estimate of the compound partid pressure if the empiricaly determined
condant isavalable:

(P ge= () mX, (13)

H
Xi

Henry's Law Congtant at T, in conggtent units (atm/mole fractions); and
Mole fraction of each compound in the liquid mixture.

Note: If neither Raoult's Law nor Henry's Law is considered to be valid for the compound
mixture being considered, a more complex procedure, beyond the scope of this document,
must be used. Commercid computer programs are available to amplify the task of caculating
vapor-liquid equilibriafor nonided mixtures.

The caculation of P, isrepeated at the final temperature conditions, T,; and the find partid
pressure of the gasin the vessd is caculated:

Pa,= 7601 (P)y, (14)

By application of the Ideal Gas Law, the moles of gas displaced is represented by:

(15)

number of Ib-moles of gas displaced;
volume of free spacein the vessd, ft3;



where:

where:

R = Gas Law congtant, 998.9 mmHg ft¥/Ib-moles °K;
Pa, = initia gas pressure in the vessd, mmHg;

Pa, = fina gas pressure, mmHg;

T, = initid temperature of vessd, K; and

T, = find temperature of vessd, K.

The concentration of the VOC in the gas displaced at the beginning of the event is calculated
assuming equilibrium at theinitid vessd temperature. The find concentration of the VOC in the
find amount of ar displaced is cdculated assuming equilibrium a the find vessd temperature.
The VOC concentration in the displaced gas may be gpproximated by assuming it is equa to
the average of the initid and fina values. The number of moles of VOC displaced isequd to
the moles of gas displaced times the average VOC mole fraction, as follows.

I |P1)l.1 E Pt},!
760 sy, * 7s0- sy (16)
2

» An

nh,=

Ms = Ib-moles of VOC vapor displaced from the vessel being heated up.

The mass of VOC vented can be cdculated by multiplying the number of moles by the
molecular weight. The reader should note that, a the boiling point of the VOC, this equation
goestoinfinity. Inaphysca sense, the vesse vapor space isfilled entirely with VOC during
boiling; the rate of release of VOC istherefore equa to the total flow of VOC out of the kettle.
Therefore, this equation is not valid at the boiling point of the VOC.

5. Gas Evalution

When agasis generated as the result of achemical reaction, emissons may be
caculated by assuming that the gasis saturated with any VOCsthat are in contact with
it a the exit temperature. Emission calculations are andogous to the filled vess
purging caculations and are ca culated using the following formulato first caculate the
rate of gas displaced:

Py

—_———— (17)
Py~ x(PX,)

V,=V,

V, = initid volumetric rate of noncondensible gas evolution



Pr
= (PX)

vessdl pressure
sum of the products of the vapor pressure and the mole fraction of each
VOC at the exit temperature

Once V, isknown, it can be substituted into Equetion (7) to caculate the emisson rate.

6. Sparging

Sparging is the subsurface introduction of a gas (typicaly nitrogen or other inert gas)
intended to remove by sdective voldilization (stripping) a more volatile minor
component from aliquid mixture of predominantly less volatile materid. Common
gpplicaions of sparging are the removal of trace quantities of water or voletile organic
solvent from alow voldility (high bailing point) resn. The remova of low
concentrations of organic solvents from wastewater also may be achieved using air

sparging.

Sparging is a semibatch operation. The sparge tank isfilled or discharged on a batch
basis, while the gasis fed continuoudy at a steady flow rate for the duration of the
gparge cycle. The subsurface sparger is designed to develop amass of small diameter
bubbles. The tank may be agitated as well in order to produce fine bubbles and
increase the bubble resdence time. These design features are intended to increase
contact efficiency.

Utilizing fundamenta chemica engineering principles and empirica corrdations
published in the literature it is possible to caculate the mass transfer coefficients
encountered in sparging applications. The transfer rate of the component being stripped
out isafunction of temperature, composition, liquid diffusivity, gas rate and agitator
power (which determine bubble size), and tank geometry (which, aong with agitation
power, determines residence time).

For the caculation of equilibrium concentration of VOC in the exiting sparge gasthe
earlier discusson of Raoult's Law and Henry's Law applies. For smple sparging (low
viscosity fluids, no solids) vapor concentration may gpproach 100 percent of the
caculated equilibrium vaue. For complex sparging, an empirically determined lower
value may need to be used.

Unlike continuous flow vapor-liquid separation processes, with batchwise sparging it is
not possible to write a series of smple andytica equations which define the outlet gas
concentration as a function of inlet concentration and thermodynamic properties of the
compounds. Thisis because the liquid flow rate is zero and the composition changes
with time. The problem of estimating the gas compaosition (hence, VOC emission rate)
a any time during the sparge cycle, or of determining the amount of sparge gas and
sparge item required to achieve a certain concentration reduction, can, however, be



solved usng smple numericd integration. One chooses asmdl time increment, one
minute, for example, over which to caculate the gas flow and compaosition, making the
amplifying assumption that the liquid composition does not change. From the inlet gas
concentration (most likely zero) and the saturated exit gas concentration, the amount of
volatile removed from the bulk liquid can be cdculated, and a new estimate made for
the liquid compostion. The caculation of the vapor composition for the next item
"dice" will be made based on this new liquid composition value. The cumulétive
quantity of volatile removed is used for subsequent estimates of the liquid composition.

A graphica representation of the vapor or liquid composition as afunction of sparge
time has a characteristic hyperbolic shape where the composition is asymptotic to zero.
Theinitid composition is high, asisthe stripping rate, because the mass transfer isa
function of the compaosition driving force. The find compostion islow, but along
gripping time is required to achieve asmall decrease in composition because the driving
forceisdso very low. An example sparging volatilization calculation follows:

Example: A 1,000-gd tank of wastewater containing a 0.025 wt% tolueneisto be air sparged
to remove the toluene to a concentration level of less than 20 ppb (by weight) to permit
discharge to amunicipa sewer sysem. Ambient air isto be used; the desgn temperature is
20°C. Toluene-water vapor-liquid equilibrium a 20°C can be approximated using a Henry's
Law congtant of 370 atm.

Solution Use 1 minute time dices, assume a sparge rate, caculate time required to achieve
concentration objective, adjust sparge rate until reasonable cycletimeis caculated. Because of
standard geometry of 1,000-gd tank, and modest gas rates, 100 percent of equilibrium
concentration can be assumed. Table 1 summarizes the results of the calculations made using a
persona computer spreadsheet program. With 75 acfm of sparge gas, the desired
concentration of 20 ppb tolueneis achieved in 55 minutes of sparging. The table clearly shows
that the bulk of the VOC is removed during the early part of the cycle: one-hdf of the total
tolueneis removed in the first 3 minutes, and 90 percent is removed after 13 minutes.

7. Batch Pressure Filtration

Pressure filtration of nonaqueous, volatile, flammable, or hazardous durriesistypicaly
conducted in aclosed vessd. Generaly, VOCs are not emitted during the filtration
gep, asthereis no venting from the process vessd. However, during the gas blowing
(cake-drying) step of the cycle, or during pressure release prior to cake discharge,
venting occurs and there is potentia for VOC emissions.

The gas blowing step is intended to accomplish some preliminary cake drying by
evaporating some of the liquid filtrate present in the filter cake. This operaionis
roughly equivaent to the constant drying-rate period of a dryer's operation except that
hesated gasis not used (except in the case of some specid purpose equipment where



heated gasis, in fact, used). The blowing gas follows the same flow path asthe filtrete,
so that it could be vented through the receiving tank.



Tablel

Sparging Volatilization



Table 1

(Conti nued)
Per cent
x-bulk y-exit #mols out cum out new x-b wt fr Removal

0 | 0.000048 0.018090 | 0.003521 | 0.003521 | 0.000041 2.11E-04 15.580%
1 | 0.000041 0.015271 | 0.002972 | 0.006494 | 0.000034 1.78E-04 28.733%
2 | 0.000034 0.012892 | 0.002509 | 0.009003 | 0.000029 1.50E-04 39.837%
3 | 0.000029 0.010883 | 0.002118 | 0.011122 | 0.000024 1.27E-04 | 49.210%
4 | 0.000024 0.009188 | 0.001788 | 0.012910 | 0.000020 1.07E-04 57.123%
5 | 0.000020 0.007756 | 0.001509 | 0.014420 | 0.000017 9.05E-05 63.804%
6 | 0.000017 0.006548 | 0.001274 | 0.015695 | 0.000014 7.64E-05 69.443%
7 | 0.000014 0.005527 | 0.001076 | 0.016771 | 0.000012 6.45E-05 74.204%
8 | 0.000012 0.004666 | 0.000908 | 0.017679 | 0.000010 5.44E-05 78.223%
9 | 0.000010 0.003939 | 0.000766 | 0.018446 | 0.000008 4.60E-05 81.616%
10 | 0.000008 0.003325 | 0.000647 | 0.019093 | 0.000007 3.88E-05 84.480%
11 | 0.000007 0.002807 | 0.000546 | 0.019640 | 0.000006 3.28E-05 86.898%
12 | 0.000006 0.002370 | 0.000461 | 0.020101 | 0.000005 2.77E-05 88.939%
13 | 0.000005 0.002000 | 0.000389 | 0.020491 | 0.000004 2.33E-05 90.663%
14 | 0.000004 0.001689 | 0.000328 | 0.020819 | 0.000003 1.97E-05 92.118%
15 | 0.000003 0.001425 | 0.000277 | 0.021097 | 0.000003 1.66E-05 93.346%
16 | 0.000003 0.001203 | 0.000234 | 0.021331 | 0.000002 1.40E-05 94.382%
17 | 0.000002 0.001016 | 0.000197 | 0.021529 | 0.000002 1.19E-05 95.250%
18 | 0.000002 0.000857 | 0.000166 | 0.021696 | 0.000001 1.00E-05 95.996%
19 | 0.000001 0.000724 | 0.000140 | 0.021837 | 0.000001 8.45E-06 96.620%
20 | 0.000001 0.000611 | 0.000119 | 0.021956 | 0.000001 7.13E-06 97.147%
21 | 0.000001 0.000516 | 0.000100 | 0.022057 | 0.000001 6.02E-06 97.591%
22 | 0.000001 0.000435 | 0.000084 | 0.022141 | 9.94E-07 5.08E-06 97.967%
23 | 9.94E-07 0.000367 | 0.000071 | 0.022213 | 8.39E-07 4.29E-06 98.283%
24 | 8.39E-07 0.000310 | 0.000060 | 0.022273 | 7.09E-07 3.62E-06 98.551%
25 | 7.09e-07 0.000262 | 0.000051 | 0.022324 | 5.98E-07 3.06E-06 98.777%
26 | 5.98E-07 0.000221 | 0.000043 | 0.022368 | 5.05E-07 2.58E-06 98.967%
27 | 5.05e-07 0.000186 | 0.000036 | 0.022404 | 4.26E-07 2.18E-06 99.128%
28 | 4.26E-07 0.000157 | 0.000030 | 0.022435 | 3.60E-07 1.84E-06 99.264%
29 | 3.60E-07 0.000133 | 0.000025 | 0.022461 | 3.04E-07 1.55E-06 99.379%
30 | 3.04E-07 0.000112 | 0.000021 | 0.022482 | 2.56E-07 1.31E-06 99.475%
31 | 2.56E-07 0.000094 | 0.000018 | 0.022501 | 2.17E-07 1.11E-06 99.557%
32 | 2.17E-07 0.000080 | 0.000015 | 0.022516 | 1.83E-07 9.35E-07 99.626%
33 | 1.83E-07 0.000067 | 0.000013 | 0.022530 | 1.54E-07 7.89E-07 99.684%
34 | 1.54E-07 0.000057 | 0.000011 | 0.022541 1.30E-07 6.66E-07 99.734%




Table 1

(Conti nued)
Per cent
x-bulk y-exit #mols out cum out new x-b wt fr Removal

51 | 8.67E-09 0.000003 | 0.0000000 | 0.022598 | 7.32E-09 3.74E-08 99.985%
52 | 7.32E-09 0.000002 | .000000 0.022598 | 6.18E-09 3.16E-08 99.987%
53 | 6.18E-09 0.000002 | 0.0000000 | 0.022599 | 5.21E-09 2.67E-08 99.989%
54 | 5.21E-09 0.000001 | .000000 0.022599 | 4.40E-09 2.25E-08 99.991%
55 | 4.40E-09 0.000001 | 0.0000000 | 0.022599 | 3.72E-09 1.90E-08 99.992%
56 | 3.72E-09 0.000001 | .000000 0.022600 | 3.14E-09 1.60E-08 99.994%
57 | 3.14E-09 0.000001 | 0.0000000 | 0.022600 | 2.65E-09 1.35E-08 99.995%
58 | 2.65E-09 0.000000 | .000000 0.022600 | 2.24E-09 1.14E-08 99.995%
59 | 2.24E-09 0.000000 | 0.0000000 | 0.022600 | 1.89E-09 9.65E-09 99.996%
60 | 1.89E-09 0.000000 | .000000 0.0226000 | 1.59E-09 8.15E-09 99.997%
61 | 1.59E-09 0.000000 | 0.0000000 | .022600 1.35E-09 6.88E-09 99.997%
62 | 1.35E-09 0.000000 | .000000 0.022600 | 1.14E-09 5.81E-09 99.998%
63 | 1.14E-09 0.000000 | 0.0000000 | 0.022601 | 9.59E-10 4.90E-09 99.998%
64 | 9.59E-10 0.000000 | .0000000. | 0.022601 | 8.09E-10 4.14E-09 99.998%
65 | 8.09E-10 0.000000 | 000000 0.022601 | 6.83E-10 3.49E-09 99.999%
66 | 6.83E-10 0.000000 | 0.0000000 | 0.022601 | 5.77E-10 2.95E-09 99.999%
67 | 5.77E-10 0.000000 | .000000 0.022601 | 4.87E-10 2.49E-09 99.999%
68 | 4.87E-10 0.000000 | 0.0000000 | 0.022601 | 4.11E-10 2.10E-09 99.999%
69 | 4.11E-10 0.000000 | .000000 0.022601 | 3.47E-10 1.77E-09 99.999%
70 | 3.47E-10 0.000000 | 0.000000 | 0.022601 | 2.93E-10 1.50E-09 99.999%
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Filter Cake Purging. The emisson ratein the vented
purge/blowing gas can be caculated if the cake conditions at
the start and end of this portion of the cycle are known. The
filtrate will be evaporated at approximately a constant rate.
Assuming that thefiltrate is 100% VOC, the emissonsraeis

smply:

(18)

the dry weight of abatch of filter cake;

the weight fraction of filtrate at the Start of the gas-blowing step;
the weight fraction of filtrate at the end of the gas-blowing step;
€elgpsed time of gas blowing; and

emisson rate in weight per unit time.

However, one key piece of data required for the above caculations, namely the filtrate content
of the cake before the gas blowing, is not usudly avalable. Therefore, this methodology is of

only limited utility.

Since the blowing gas causes the VOCs in the filtrate to evaporate, the gas stream is partidly
saturated with vapor, and approaches vapor-liquid equilibrium as alimit. An assumption of the
attained percent saturation enables the caculation of an emission rate.

Depressurization. Prior to opening a batch pressure filter for
solids discharges, the pressure must be relieved. In the case of
afilter desgn utilizing a closed vessd, thereis some
compressed gas in the vapor space which will have some
degree of vapor saturation of VOC from the filtrate. Upon
depressurization, a fraction of the noncondensible gas aong
with the VOC vapor will be vented. The estimation of the
emission rate from a depressurization event is a sraightforward
goplication of the Ided Gas Law if certain smplifying
assumptions are made.

If the vessel has been under pressure for some time during thefilter cycle, and no
additiona noncondensible gas has been added, then it is reasonable to assume that the
gas is saturated with the VOC vapor at the vessdl temperature. To smplify the
caculations, one assumes that the pressure decreases linearly with time once



depressurization has begun, and that the compaosition of the gasivapor mixtureis dways
saturated with VOC vapor through the end of the depressurization. The estimation of
the emission rate proceeds according to the following steps:

1.

N

w

Cdculate the mole fraction of each VOC vapor speciesinitidly present in the
vess at the end of the depressurization.

- (19)

vapor pressure of each VOC component i;

initid pressure of the process vessd in units consstent with P, calculations,
mole fraction of component i in liquid; and

mole fraction of component i initidly in the vapor.

The moles of VOC initidly in the vessd are then calculated using the Idedl Gas
Law asfollows:

o - o Py (20

RT

mole fraction of VOC (the sum of theindividua VOC fractions, ZY');
free volume in the vessdl being depressurized,

initia vessd pressure;

ided gas congtant; and

vesse temperature, absolute units.

The moles of noncondensible gas present initidly in the vessd are cdculated as
follows

(21)



where:

\% = free volume in the vessdl being depressurized,;

Pwr = initid partid pressure of the noncondensible gas, P; - ZP;
R = gas law congant; and

T = temperature, absolute units.

4, At the beginning of the depressurization, there are more moles of
noncondengble gasin the vessd rdative to the moles of VOC in the vessd than
at the end of depressurization. At the beginning of the depressurization, there
are:

Dyor

_— moles of VOC to nonconrdensables

n_l

5. At the end of depressurization, there are;

Dyor

—_ mples of VOC to noncpnrdensables

where:

n, = _= (22)

where:

Vv = free volume in the vessel being depressurized;
Pnez find partid pressure of the noncondensiblegas, P - = X; P;
R = gaslaw congant; and



where

where:

T = temperature, absolute.

6. The moles of VOC for the duration of the depressurization may be ca culated

by taking an approximation of the average ratio of moles of VOC to moles of
noncondengbles and multiplying by the total moles of noncondensibles released
during the depressurization, or:

b

ny n, (23)

2 P:™ By " Nou

Nyoe = moles of VOC emitted.

7. The moles of VOC emitted can be converted to amass rate using the following

equeation:

w = IRy, (24)

ER/oc = emission rate of the VOC;

8.

= molecular weight of the VOC; and
time of depressurization.

Emissions from Vacuum Generating Equipment

Steam gectors and vacuum pumps are used to pull vacuums on vessels and can be
sources of VOC and air toxic emissons. Both come in contact with a stream of gas
that potentidly contains pollutants. A steam gector consists essentialy of a steam
nozzle that produces a high-velocity jet across a suction chamber connected to the
vessd being evacuated. The gas from the vessd is entrained into the motive seam asiit
passes across the suction chamber. Both gas and steam are usudly routed to a
condenser.

Conventiond (mechanica-type) vacuum pumps use a high boiling point il to lubricate
the moving parts. The VOCs which are present in the gas on the suction sde may be



partidly condensed in the devated pressure insde the vacuum pump. This reducesthe
amount of VOC emitted in the gas discharge from the pump, but causes contamination
(reduced viscogity) of the pump ail. For thisreason, if asgnificant anount of VOC is
expected in the gas being evacuated, aliquid ring vacuum pump may be sdlected.

Inaliquid ring vacuum pump, the vacuum is crested by the rotating motion of adug of
sed fluid indde the pump casing. The sed fluid isin intimate contact with the gas and
VOC being evacuated. A portion of the sedl fluid is gected with the pump discharge,
30 asystem for sed fluid recycle and makeup is required.

Because the sed fluid isin contact with the gas’VVOC mixture, mass and hegt transfer
can occur ingde the pump. The emissons from aliquid ring vacuum pump are,
therefore, afunction of the sed fluid temperature and composition, as wdl asthe inlet
gas compasition. For purposes of caculation one may assume that the exiting gasisin
equilibrium with the sedl fluid. The sedl fluid must be chosen to be compatible with the
gas/'VOC being evacuated. In some cases, the sed fluid itself isaVOC and equilibrium
with the exiting gas may result in an increase in VOC level from thet in the suction Sde.
In other cases, the sedl fluid can act to reduce the VOC leve of the gas stream by
absorbing (or condensing, in the case of a cooled sedl fluid system) some of the VOC
in the gas being evacuated.

I. Emission Edimation. Emissons from vacuum systems originate
from two distinct sources. 1) thefirs isthe gas at the vacuum
system discharge, 2) the second is the sedl fluid or motive
geam. Cdculating emissions from the gaseous discharge of
systems that serve to induce vacuums on equipment involves
the estimation of the amount of air that lesks into the equipment
because of the pressure differential between theinsde and
outsde of the vessdl. Once this air leekage rate is known, the
rate of VOC emissions may be caculated by knowing the
vacuum system discharge outlet temperature and pressure.

The ar leskage rate for the equipment may be estimated from the following equations,
which correspond to the leakage created by metal porosity and cracks and leskage
resulting from sedls and components in a system for various vacuum pressure ranges.



1. L eakage from metal porosity and cracks

(For 1 < P < 10 mmHg) W = 0.026 PP34/00 (25)

(For 10 < P <100 mmHg) W = 0.032 PP26V2D (26)

(For 100 < P < 760 mmHg) W = 0.106 V& (27)
where:

P = System operating pressure, mmHg;

\Y = volume, ft3; and

W = ar leakage resulting from meta porosities and cracks dong weld lines, 1b/hr.

2. L eskage from sedls and components

(For 1 < P < 10 mmHg) w = nDoP’3* (28)

(For 10 < P < 100 mmHg) w = 1.20 nDoP’% (29)

(For 100 < P< 760mmHg) w =3.98 =D6 (30)
where:

D = sedled diameter, inches,

w = acceptable air leakage rate assgned to a system component, 1blyr; and

0 = specific leakage rate for components, Ib/hr/in (presented in Table A-5 of

Appendix A).

3. Thetota air leakage rate, L,, in Ib/hr, is merely the sum of the two components
W and w.

L,=W+w (31)

Oncethe air leakage rate is known, the VOC emisson rate, in Ib/hr, may be calculated using the
following eguation from the 1978 Pharmaceuticds CTG?

L P
- A | ey
SE = Wil — [p =3, ] (32)

where:

SE rate of VOC emisson, in lb/hr;
MW, oc = molecular weight of VOC, Ib/lbmole;
absolute pressure of recelving vessdl or gector outlet conditions, if

Pwstem



thereisno receiver;

P, = vapor pressure of the VOC at the receiver temperature, in mmHg;
L. = totd air lesk rate in the system, Ib/hr; and
29 = molecular weight of air, Ib/lbmole.

Cdculating emissions from sed fluid or mative steam is analogous to the caculaions of VOC
emissions from other sources of wastewater, which is discussed below.

b. Evaporative Losses From Wastewater

Evaporative losses from wastewater that is contaminated with VOCs has been
examined in detall, but currently is not included in this Appendix. Severd publications
are avalable to ad the readers in caculating emissons from wastewater trestment
systems which include surface impoundments, lagoons, and basins.>®’

C. Storage Tank Emissons

In generd, emissions of VOCs from storage tank working and bresathing |osses appear
to be no different for continuous processes than they are for batch processes. Both
types of losses usudly are calculated using EPA-derived storage tank loss equations for
three types of storage tanks fixed roof, externd floating roof, and interna floating roof.
Fixed roof and horizontal pressure tanks appear to be the most common storage
vessals used in batch processing. Estimation equations for these tank types and a
detailed explanation of their use, may be found in an EPA reference®

d. Equipment Leaks

The caculation of emissons of VOCs from leaking process line components such as
vaves, pump sedls, flanges, and sampling connectionsis no different for continuous
processes than it is for batch processes. Emissions tend to be lower because the
amount of time that components are actudly in VOC sarviceisless for batch processes
than for continuous processes.

In the event that no other specific datais available, equipment leak emissons may be
estimated using the equipment lesk factors derived for the Synthetic Organic Chemicdl
Manufacturing Industry (SOCMI). Thesefactors are readily available, and are
included in Table 2. 1t isaso possble to develop unit-specific emission estimates
according to an accepted EPA protocol. The methodology for developing a specific
emission estimate for leaking components is contained in another reference.’®



Table?2

Average Emission Factorsfor Fugitive Emissionsin SOCMI?

Equipment Component

" Average' SOCMI factors, Kg/h/source

Pump sedls
Light liquid 0.0199
Heavy liquid 0.00862
Vaves
Gas 0.00597
Light liquid 0.00403
Heavy liquid 0.00023
Compressor sedls 0.228
SAfety rdief vaves--gas 0.104
Hanges 0.00183
Open-ended lines 0.0017
Sampling connections 0.0150

aThese factors are appropriate for estimating emissions when no other data (i.e., leakage rates) are

avalable.

Source: EPA-953/R-93-026. June 1993.
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